ABSTRACT
INTRODUCTION
Red Blood Cells (erythrocytes or RBC) have an important role in determining the rheological properties of blood due to their unique characteristics. The understanding of RBC behaviour is of great interest to the field of hemorheology, the study of blood flow properties. RBC properties are almost singularly responsible for the particular characteristics of blood in in vitro testing. Due to their mechanical properties, RBC are able to deform and bridge together in order to form 3D structures called agProceedings of the ASME 2012 10th International Conference on Nanochannels, Microchannels, and Minichannels ICNMM2012 July 8-12, 2012, Rio Grande, Puerto Rico gregates or 1D structures called "rouleaux" [1] , which cause the variation in blood viscosity and the Non-Newtonian behaviour of blood flow. Viscometric studies that use rotational viscometers to examine the rheological behaviour of blood show that these aggregates usually form at low shear rates, which are, approximately under 10 s −1 for human blood [2] . Above this range, RBC tend to disaggregate and return to their equilibrium state.
However, the mechanism of RBC aggregation is not completely understood. There are two theories, nowadays, that model the aggregation of RBC: the bridging of cells theory due to the cross-linking of the macromolecules [3] and the theory that focuses on the depletion of the molecules due to the osmotic gradient [4] . However, blood viscosity, in vivo, not only depends on the shear rate but also on the plasma viscosity, the hematocrit (the percentage by volume of RBC in blood), as well as the geometry and diameter of the vessels [5, 6] . It is known that for large vessels, such as arteries and veins with diameters larger than 100 µm, the apparent viscosity of blood is almost constant and is approximately 3 cP [7] . Therefore, to this macroscale, blood can be considered as a Newtonian fluid and as a homogeneous mixture. With decreasing vessel diameter, at the venule and arteriole level (10-100 µm), the apparent viscosity decreases to a minimum value of 1.3 cP [6] . At the capillary level (4-10 µm), the apparent viscosity of blood increases linearly. At this scale, blood is considered to be a two-phase flow that is composed of a fluid and solid phase [8] . Numerical analysis has proven to be a powerful tool for investigating and modeling RBC deformability and aggregation to understand the behaviour of RBC under physiological and pathological conditions [8] [9] [10] [11] [12] [13] [14] . These previous studies were able to demonstrate an existing relationship between the RBC aggregates and the shear stress within the flow. However, since blood is non-Newtonian with a variable viscosity, it was not possible to directly relate the aggregate size to the shear rate applied. Therefore, an experimental model, with constant and controlled flow conditions, where the aggregates can be clearly visualized is required. Existing models, consisting of a Couette flow such as in a rotational viscometer and shear flow systems [6, [15] [16] [17] [18] have been widely used to understand blood behaviour, however, even when using transparent material, it is not possible to visualize the flow within the system since the velocity gradient is in the same plane of the microscope's field of view. An alternative would be to use a confocal microscope to focus perpendicularly to the flow, which could reduce the accuracy of the results due to cell concentration within the system. This paper focuses on the design of a physical model of a microchannel in order to obtain a Micro-Couette blood flow with the blood layer ranging from 30 to 100µm. The Couette flow provides constant and controlled shear conditions, which represent the ideal environment to simultaneously visualize aggregates and determine the shear rate value. The Couette flow is created by the motion of a second Newtonian fluid that entrains the blood. The advantage of using a second fluid as a moving wall is the ability to directly visualize the flow motion using an inverted microscope. The main objective of this study is to ensure the compatibility of the results between the experiments and simulations for several values of shear rates. For this purpose, the numerical simulation of the Newtonian flow in a Y-channel configuration is presented to be compared to the experimental model of the microchannel under the exact same flow conditions. Once the velocity profile is ensured to be linear, the same experimental model is used to test blood under several conditions varying the shear rate and hematocrit.
MATERIALS AND METHODS

Numerical Simulations
The numerical simulations, representing one of two distinct approaches used for this research, are conducted using the computational fluid dynamics research program Nek5000 [19] , based on the Spectral Element Method (SEM). The SEM, first introduced by Patera [20] combines the high accuracy of the Spectral Method and the geometric flexibility of the Finite Element Method [21] . For this method, the continuous domain is discretized into elements. Within each element the solution is approximated using tensor products of Nth order Legendre polynomial Lagrangian interpolants. For the velocity space the allocation of points in each element is based on Gauss-LobattoLegendre (GLL) quadrature points, whereas for the pressure space the allocation of points is based on Gauss-Legendre (GL) quadrature points as described in [22] as the P N − P N−2 formulation. For a 1D problem, the solution in each element is approximated as follows:
where q (l) (r) represents the variable to be approximated, r is the local spatial coordinate of the element l, L n represents the n th order polynomial whereas N represents the highest order of polynomials. The incompressible Navier-Stokes equations are thus solved with this method allowing for a variable viscosity [22] . For this project the SEM is used to simulate the motion and behaviour of two fluids with different properties flowing in a Y-channel configuration. The fluids are assumed to be incompressible. The dimensions of one microchannel model are presented in Fig. 1 describing the 3D computational mesh of the Y-channel configuration. This grid counts 344 elements; 172 and 2 elements in the x-y and x-z planes respectively. However the distribution of the grid is not uniform. Elements are concentrated at the bifurcation due to the complexity of the solution at that location where the two fluids enter into contact. The order of the highest Legendre polynomial N was chosen to be N = 5 for the velocity and therefore N = 3 for the pressure in order to lower the cost of the simulation optimizing the accuracy of the solution. The boundary conditions used for this case are also shown in Fig. 1 , where the four walls of the microchannel present a no-slip boundary condition. The outlet of the channel has a null pressure boundary condition, while a uniform velocity is prescribed as boundary condition at each of the entrances of the Y portion of the channel.
The two fluids A and B with different viscosities and densities (described in Tab. 1, where T represents the type of the fluid for each case and ν the corresponding kinematic viscosity) entering from the bottom and top branches respectively, flow with different velocities. Fluid B represents the viscous fluid and is assumed to have the same viscosity as blood at high shear rates (ν B = 3 · 10 −6 Pa.s). Fluid A represents the less viscous fluid and is assumed to have the same viscosity as water (ν A = 10 −6 Pa.s). Changing the ratio of velocities affects the location of the interface between the two fluids as well as the Reynolds number (Re) based on the average velocity and viscosity of the bottom layer of the channel. The two fluids used for this project are in reality miscible, however at the microscale, fluids are assumed to be immiscible due to the capillary effect in the microchannel and the low Reynolds number. On the other hand, at the interface between the two fluids, a thin layer of diffusion will form and expand further along the channel. In order to simulate this phenomenon, a diffusivity between the fluids is set in the computational program to optimize the thickness of the diffusion layer.
Three ratios of velocities, V ratio = 1, 2 and 4, using the same ratio of kinematic viscosity, ν ratio = 3, were tested for this research in order to determine the interface location and ensure the velocity profile linearity of fluid B. For this purpose, the viscosity is treated as a passive scalar within Nek5000 to be solved and implemented in the Navier-Stokes equations to then solve for the velocity and pressure. This technique allows the flow to accommodate to the boundary conditions set at the entrances of the channel and then to settle to an interface location based on the flow conditions. When steady state is reached, the velocity profile is extracted from the channel at a location along the channel to then determine the shear rate according to the thickness of the fluid B layer.
Laboratory Experimentation
Comparable laboratory experiments were conducted to validate the numerical simulations. In order to perform the laboratory experiments and determine the velocity within the microchannel, micro Particle Image Velocimetry (µPIV) is used.
TABLE 1. FLUIDS A AND B KINEMATIC VISCOSITIES FOR THE SIMULATION, THE NEWTONIAN EXPERIMENT AND THE NON-NEWTONIAN BLOOD EXPERIMENTS. T REPRESENTS THE FLUID TYPE AND ν REPRESENTS THE KINEMATIC VIS-COSITY
Simulation
Newtonian Blood
This technique is a particle based flow visualization that determines 2D velocity fields using the cross-correlation method. The PIV method is well documented and has been used extensively for macro fluid flow [23, 24] . For this paper, the following µPIV system is used: an inverted imaging laser microscope from LaVision is used to visualize the flow and velocity field of a two fluid flow system in a Y-channel configuration as described in the previous section. It comprises a CCD camera (LaVision's Imager Intense camera), a laser (double pulsed Nd:YAG) having a wavelength of λ = 532nm and a 10x lens. The software used for the cross-correlation is a DAVIS program. For blood tests, the LaVision devices are coupled with a high speed (HS) camera (Dalstar) in order to visualize the RBC flowing in the microchannel. The set up is shown in Fig. 2 . Fluorescent particles are introduced within the fluids to be illuminated and seen under the camera. The two pumps push the fluids with the flowing particles in the microchannel. Once the laser is turned on, the laser beam encounters the filter to be refracted in the direction of the microchannel observed using the inverted microscope. This laser beam excites the fluorescent particles that in turn emit a wavelength that is refracted in the direction of the CCD double pulse (DP) camera to then be analyzed with the computer (record and cross-correlate). If the camera dual port is set to the high speed camera, the flow is visualized using a white light source that is refracted with the mirror to reach the high speed camera. The dimensions of the actual microchannels slightly differ from the simulated ones, due to our design limitations. In fact, it was not possible to create channels less than 5mm length to the connectors of 2.5mm diameter. The microchannels are fabricated using standard photolithography methods by spin coating the SU8-50 photo-resist at the appropriate speed to create the depth desired according to the manufacturer instructions. The geometry of the channel is designed using a transparency photo-mask that is exposed to a UV-light delivering 20 mW cm 2 . The geometry is then engraved into the wafer to create the mold. Poly(dimethylsiloxane) (PDMS) is then poured into the mold to create the microchannel that is then bonded to a microscope glass slide. The bonding process utilizes the oxygen plasma bonding method using the SP100 ANATECH, LTD-plasma series. The advantage of using this method is the non-reversible bonding created that comes with clean surfaces to avoid blockage of the channel. However, the clean surfaces engender a hydrophilic property of the PDMS [25] , which is not desired for these experiments where we wish to obtain a linear velocity profile. This hydrophilic behaviour is, however, reversible in time. For this purpose, the microchannels are used one week after the bonding process, to minimize the slip on the channel walls.
In order to replicate the simulation and verify the numerical model, a Newtonian model is first tested experimentally. For this purpose, the viscous fluid (fluid B) is represented by a diluted solution of glycerol with a mass fraction of Φ = 0.36. The advantage of glycerol is its property to dissolve in water so that the viscosity of the solution can be controlled and so that the interfacial tension between the two fluids is minimized to reduce the risks of flow unsteadiness. 3% of fluorescent particles (d particle = 0.86µm, λ abs = 542nm and λ emission = 612nm), diluted at 1% in water, is added to the solution. Concerning the less viscous fluid (fluid A), it is, in this case, represented by distilled water. As a first test, particles are introduced solely in the glycerol layer in order to visualize the interface location. Then, 3% of the particle solution is added to the distilled water to determine the complete velocity profile within the channel. The two fluids are injected into the channel using two glass syringes (Hamilton, 50µm volume), controlled by two pumps (Harvard Apparatus Pico Pump and Nexus 3000) to set two different volumetric flow rates.
Blood is then tested to verify the linearity of the velocity profile. The less viscous fluid used to entrain the blood is Phosphate buffered saline (PBS) to keep the equilibrium concentration between the two fluids. It is important for the concentration to remain in equilibrium in order to avoid the migration of ions and RBC and hemolysis (RBC rupture). The blood used for these experiments was extracted from pigs. This blood is then treated and centrifuged three times at 3000 rpm for 10 minutes to separate the blood components and remove the white blood cells and platelets. RBC are then resuspended in their plasma to allow the formation of aggregates. Several cases were performed with 10 and 20% hematocrit to test the effect of this variable on the velocity profile, which correspond to the hematocrit in microcir- culation [1, 7] . 3% of the particle solution is added to blood and PBS for the concentration to remain in equilibrium to avoid the diffusion of the fluorescent particles.
RESULTS AND DISCUSSION
The results presented in this section include first, a comparison of the numerical and experimental results. The numerical tests were performed with 150 × 33µm and 170 × 64µm channels to be compared to the experiments. The average flow rate within the channel is Q = 10 µl hr . Tables 2 and 3 present the velocities and flow rates used for the numerical simulations and the experiments respectively corresponding to the velocity ratios used. Once the model is verified, the non-Newtonian laboratory experiments can be compared to the simulation and the Newtonian experiments to visualize the effect of blood characteristics and aggregation on the velocity profile. RBC, once separated from the other blood constituents, are then resuspended in plasma and PBS depending of the application (if aggregation is required or not). The blood suspensions are tested for 10 and 20% hematocrit at flow rates of Q = 10 µl hr and Q = 5 µl hr to determine the effect of the shear rate and hematocrit on the velocity profile and blood thickness in the channel.
Newtonian Model
Channel: 1 1 15 5 50 0 0× × ×3 3 33 3 3µ µ µm m m Figure 3 illustrates an example of the velocity distribution in the channel from the numerical simu- This phenomenon is probably due to the different interactions of the two fluids with the PDMS. It is possible that the molecules contained in the glycerol solution are more likely to attach to the PDMS than water increasing the surface tension between the fluid and solid structure.
The thickness of the glycerol layer varies with the velocity ratios. Looking at Fig. 7 , the thickness of the glycerol layer is about two thirds of the channel width for a V ratio = 1. Figure  7 shows the thickness of the glycerol layer to be almost half of the channel for a V ratio = 2, while the glycerol thickness for V ratio = 4 is about one third of the channel's thickness.
Several factors can explain the small deviation between the numerical and experimental results. External factors can play an important role in the flow determination. First, it should be noted that the experimental flow rates are not as expected by the numerical simulations due to several probable errors. In fact, the pumps used to push both fluids inside the channel are two different pumps with two different accuracies, which can result in vari- ation of the flow between the two compartments thus affecting the experimental results. Furthermore the fabrication of the microchannels is not a precise procedure. The tests were first supposed to be performed using microchannels of 100 × 50µm and 100 × 100µm, however when verifying the dimensions with the well calibrated microscope (for the channel width) and the Ambios XP200 Profilometer (for the channel depth) the actual sizes of the channels were found to be 150 × 33µm and 170 × 64µm. Second, Figs. 8 and 9 show that the fluorescent particles used to visualize the velocity field diffuse, which might affect the results when post-processing the set of double frames. Also the properties of the fluids tested experimentally might vary from the numerical simulations. The viscosity of the glycerol solution was verified with a viscometer (LV type) to be on average µ glycerol = 3cP. However the equipment used was not very stable and kept fluctuating. In fact, the whole system is very sensitive to the alignment of the equipment, which was very difficult to accomplish. Errors might also occur when processing the data recorded. The timing between the double frames dt was optimized so that the displacement of one particle results in nine or ten pixels according to Kim et al. [26] . However, the flow rate used for this experiment is 10 times slower than in [26] , therefore the dt chosen might not be large enough for slower flow rates which can result in loss of information when cross-correlating the set of frames. In the same paper Kim et al. suggest to decrease the window size for better results, however for this research decreasing the window size lowers the values of the velocity and also changes the shape of the profile. A method that might improve the results is to use a stronger lens (40x) to ensure no loss of information as explained in [26] . The interface locations (measured from the bottom of the channel) and the consequent shear rates are presented in Tab. 4 for the simulations and the experiments, for the corresponding Reynolds number, and are also noted in Fig. 4, 5 and 6 .
Comparing the shear rates obtained from the simulation and the experiments presented in Tab. 4 , we see that the experimental results are slightly higher, however within the same range. Although the values of the velocities vary from the experiments to the simulations, it should be noted that the interface calculated from the simulation does not include the diffusion layer, whereas the experimental interface location is determined visually using the picture intensity which might include the diffusion layer. The purpose of determining the shear rate and the thickness of fluid B (the viscous fluid) is to ensure the inclusion of the shear rate values in the range where aggregates can be seen (1 to 10 s −1 ). Through Fig. 6 , we see that the glycerol layer velocity profile is almost linear for V ratio = 4. A completely linear velocity profile is not expected due to the pressure drop, however the thickness of the glycerol should be small enough to obtain an almost linear velocity profile and big enough to allow RBC aggregation when replaced with blood. In the set up, the thickness of this viscous fluid is about one third of the channel thickness for V ratio = 4.
Channel: 1 1 17 7 70 0 0 × × × 6 6 64 4 4µ µ µm m m For this case, only the velocity ratio of 4 between the two branches is tested since it was shown to provide the optimal parameters to study the blood layer. Figure 11 shows the location of the interface for velocity ratios of V ratio = 4, whereas Fig. 10 displays the comparison of velocity profiles between the numerical simulation and the experiments for the same velocity ratio.
Looking at the experimental distribution of the fluids in the channel and comparing it to the viscosity distribution found numerically, shown in Fig. 11 , we see that both results coincide and that for this case also, the glycerol layer occupies about one third of the channel thickness. However, looking at the comparison of experimental and numerical velocity profiles in Fig. 10 , we see that the experimental values are significantly lower than the numerical ones. In fact, this difference might be due to the difficulty of the lens to focus on the mid-channel depth plane. The interface locations (measured from the bottom of the channel) and the consequent shear rates are presented in Tab. 5 for the corresponding Reynolds number, and illustrated in Fig. 10 for the numerical simulation and the laboratory experiments. The shear rate values obtained for this case, shown in Table 5 , are still within the same range but are significantly reduced.
Looking at the experimental shear rate and comparing it to the simulation values for a velocity ratio V ratio = 4, we notice that the experimental values are almost twice as high as the simulation results, although the locations of the interface between the two fluids are found to be quite close. This large difference is due to the high velocity values at the interface as pointed out previously.
We conclude then that the 170 × 64µm microchannel does not represent the ideal geometry for our application. 
Non-Newtonian Blood Experiments
All the following non-Newtonian experiments are performed in the 150 × 33µm microchannel with a velocity ratio between the branches of V ratio = 4.
RBC in plasma vs. PBS at 10% H with Q Q Q = = = 1 1 10 0 0µ µ µl l l/ / /h h hr r r First, RBC suspended in plasma at 10% H are tested in our Ychannel and compared to the same tests performed with RBC suspended in PBS also at 10% H. For this case, the RBC suspensions are tested with a flow rate of Q = 10 µl hr . In order to visualize the RBC flowing in the channel and obtain the velocity profile, the µPIV system is coupled with the high speed camera. Figure 13 clearly shows that the RBC can not aggregate in PBS, while RBC suspended in plasma can form rouleaux in the channel as visualized in Fig. 14 . These aggregates greatly change the blood properties. In fact, the velocity profiles comparison for RBC in plasma and RBC in PBS, shown in Fig. 12 , shows that, within the blood layer, the velocity profile is almost linear for the two experimental curves, as desired. Also, we note that, within the blood layer, the velocity magnitude of RBC suspended in PBS is higher than for RBC in plasma. Moreover, the blood layer, when the particles are suspended in plasma, is slightly thicker than the the blood layer resultant from RBC suspended in PBS. These factors could be explained by the aggregation of RBC in plasma which leads to a more viscous mixture than the blood obtained from the RBC suspended in PBS. Therefore, we can conclude that the aggregation of RBC affects the viscosity of blood in accordance with the literature [15, 18, 27] .
Since the profile obtained is almost linear, we can deduce the shear rate values from the experiments and compare them to the simulation results. When comparing the experimental shear rate values to the simulation results in Table 6 , we see that they are within the same range, around 10s −1 . However we see that the shear rate of RBC in plasma is lower than the other values and that it is within the range of shear rates where RBC can aggregate (1 to 10s −1 ). RBC in plasma at 10% H with Q Q Q = = = 5 5 5µ µ µl l l/ / /h h hr r r The aggregation of RBC was clearly visualized under the high speed camera for flow rate Q = 10 µl hr , however only small aggregates could form due to the high value of shear rate (about 7s −1 ) close to the limit of the required range. We therefore analyze the effect of lowering the shear rate on the RBC aggregates in this section. In order to lower the shear rate value without changing the channel geometry, the flow rate was decreased to half of its previous value. These tests then consist of RBC in plasma flowing at Q = 5 µl hr at 10% H entrained by the PBS with V ratio = 4 between the branches. The RBC aggregations can be clearly seen in Fig.  16 . In fact we notice that the aggregates are actually larger than those seen in the previous case with double the flow rate and that the blood layer is thicker for this case and covers almost half of the channel thickness. Fig. 15 shows that the experimental ve- locity measurements agree very well with the numerical results since they follow the same curve, where the maximum velocity is reached on the PBS side of the channel (left side of the profile) and decreases in an almost linear manner on the blood side (right side of the profile) after forming a small plateau indicating the interface location. The shear rate values presented in Table 7 show that the experimental and numerical results are in a good agreement since all the values are close to 5s −1 . Comparing with the values obtained numerically in the previous case, we see that the shear rate values for Q = 5 µl hr are half of those for Q = 10 µl hr , as expected. However, a small difference in the interface location between the two samples of blood can be noted through Table 7 . Since the two samples come from two different pigs, the plasma composition might be different, which affects the RBC aggregation and in turn the viscosity of blood and the thickness of the blood layer in the channel. RBC in plasma at 20% H with Q Q Q = = = 5 5 5µ µ µl l l/ / /h h hr r r In order to visualize and measure the effect of hematocrit on the velocity profile and RBC aggregates, a RBC-plasma suspension is tested at 20% H. The RBC suspension is entrained by PBS and flowing with Q = 5 µl hr . Fig. 17 shows the RBC flowing in the channel visualized under the high speed camera. For this case, it is dif- ficult to focus on the mid-plane of the channel depth due to the large number of RBC. However the thickness of the blood layer can still be measured to locate the interface between the two fluids. When looking at the velocity profile provided in Fig. 17 , both curves follow the same numerical profile, where the velocity within the blood layer is almost linear. However, for RBC suspended at 10 and 20% H, a small variation in the location of the interface is seen. This location of the interface as well as the shear rate extracted from these cases are presented in Tab. 8 and compared to the numerical shear rate. These shear rates for the three cases are seen to be very similar, about 5s −1 and the interface locations found experimentally are also within the same range. This observation might be due to the approximated shear rate calculations because of the large blood layer and the non-complete linearity of the velocity profile within this layer. 
CONCLUSION
The physical microchannel model providing a microCouette blood flow apparatus based on a two fluid flow system has been designed. The design process was first performed numerically using different channel geometries to ensure linearity of the velocity profile within the smaller layer of the viscous fluid. The model obtained numerically was then used for experimental testing with Newtonian fluids first and then blood. The thickness of the blood layer as well as the velocity profile within this layer were investigated by varying the velocity ratio between the two branches of the microchannel.
The experimental results showed good agreement with the numerical solutions. It was found that the ideal thickness of the viscous fluid to be analyzed is about one third of the channel thickness. The tests performed experimentally with the RBC suspensions took into consideration the hematocrit effect as well the shear rate effect on the aggregate size. The blood experiments also agreed fairly with the numerical model. Blood aggregates can be clearly visualized, using the high speed camera at 10% especially when flowing with a flow rate of Q = 5 µl hr , where the shear rate is within the appropriate range. For the RBC suspended at 20% H, visualization is not as clear due to the large number of particles.
This study provides pertinent inputs for understanding blood behaviour by designing a controlled blood flow system that will be coupled to recent studies for RBC aggregation size estimation according to the flow conditions. Several points still require further investigation. Labelling of the RBC in the flow to avoid the segregation of the fluorescent particles will be explored. For example, tracer particles could be attached to the RBC so that each RBC in the aggregates could be seen under the microscope without forming a large fluorescent entity. Future work will include further RBC aggregate size analysis. A standard method will be developed to obtain an estimation of rouleaux size under several conditions. These studies could help to better understand blood behaviour in microcirculation under pathological conditions and potentially help find remedies to the problem of clogged arteries due to aggregations under these pathological conditions.
